JGM mostly trisomy 21, relies exclusively on biochemical and sonographic measurements performed in the first and second trimesters. With a 3-5% false-positive rate, first-trimester screening achieves a detection rate of about 60-95% for trisomy 21 [1] [2] [3] . In 1997, Lo et al. [4] www.e-kjgm.org Purpose: Noninvasive prenatal test (NIPT) by massively parallel sequencing (MPS) of cell-free fetal DNA in maternal plasma marks a significant advancement in prenatal screening, minimizing the need for invasive testing of fetal chromosomal aneuploidies. Here, we report the initial clinical performance of NIPT in Korean pregnant women. Materials and Methods: MPS-based NIPT was performed on 910 cases; 5 mL blood samples were collected and sequenced in the Shenzhen BGI Genomic Laboratory to identify aneuploidies. The risk of fetal aneuploidy was determined by L-score and t-score, and classified as high or low. The NIPT results were validated by karyotyping for the high-risk cases and neonatal follow-up for low-risk cases. Results: NIPT was mainly requested for two clinical indications: abnormal biochemical serum-screening result (54.3%) and advanced maternal age (31.4%). Among 494 cases with abnormal biochemical serum-screening results, NIPT detected only 9 (1.8%) high-risk cases. Sixteen cases (1.8%) of 910 had a high risk for aneuploidy: 8 for trisomy 21, 2 for trisomy 18, 1 for trisomy 13, and 5 for sex chromosome abnormalities. Amniocentesis was performed for 7 of these cases (43.8%). In the karyotyping and neonatal data, no false positive or negative results were observed in our study. Conclusion: MPS-based NIPT detects fetal chromosomal aneuploidies with high accuracy. Introduction of NIPT as into clinical settings could prevent about 98% of unnecessary invasive diagnostic procedures.
Introduction
Prenatal screening and the diagnosis of fetal chromosomal aneuploidies have been essential parts of obstetric care. Conventional prenatal screening for chromosomal aneuploidies, of circulating cell-free fetal DNA (cffDNA) in maternal plasma, which has opened a new approach to noninvasive prenatal test (NIPT).
Since the introduction of NIPT for fetal chromosomal aneuploidies by massively parallel sequencing (MPS), the clinical application of NIPT for screening high-risk pregnant women has grown significantly. Several validation studies of high-risk populations have demonstrated the detection rates for trisomy 21 of >99%, 98% for trisomy 18, and 89% for trisomy 13 , with false positive rates of 0.1%, 0.1%, and 0.4%, respectively [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Consequently, in high-risk populations, NIPT has been shown to have a higher sensitivity and specificity than biochemical serumscreening tests that are currently in use for these trisomies. Recently, this new approach to fetal aneuploidy screening has been introduced in routine clinical practice [15] .
The excellent performance of NIPT in multiple clinical validations [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , the noninvasive nature of the testing, and the positive opinions of many professional societies, including the American Congress of Obstetrics and Gynecology (ACOG), the Society of Maternal and Fetal Medicine (SMFM) [16] , the National Society of Genetic Counselors (NSGC) [17] , and the International Society of Prenatal Diagnosis (ISPD) [18] , have resulted in its adoption by many clinical institutions. The clinical introduction of NIPT in the United States has resulted in a marked decline in the number of invasive procedures of about 17%, while in the United Kingdom and Australia the decline was more gradual, with an average of 1.8-8% per year [19] [20] [21] [22] . In a recent survey, around 86% of physicians in the United States claimed they would offer NIPT to high-risk women within 1 year after the survey [21] . In Hong Kong, a study on pregnant women showed that about 98% of invasive diagnostic procedures would be avoided if NIPT were used [5] . In Korea, NIPT was first offered in 2012 by our institution, and with the approval from the Korea Food and Drug Administration in the near future, NIPT can be considered for routine clinical use by local Korean health authorities. As the first institution to offer NIPT for the detection of fetal chromosomal aneuploidies in Korea, we have been able to accrue the clinical experience population dataset to date by including samples from various medical sites. Here, we report the initial clinical performance of NIPT in detecting fetal chromosomal aneuploidies, especially trisomies 21, 18, and 13, in singleton pregnancies in Korea.
Materials and Methods
For this study, data were acquired from 910 patients from various medical sites in Korea, between May 2, 2012 and December 31, 2013. NIPT was offered to the participants as either a primary or secondary screening. Multiple pregnancies were excluded. A patient with any of the following factors was classified as having a high risk for aneuploidy: advanced maternal age (≥35 years); abnormal biochemical serumscreening results, including for the first trimester, sequential, integrated, or quadruple screening; abnormal sonographic Fig. 1 . Identification of fetal aneuploidy by the massively parallel sequencing-based noninvasive prenatal test. The risk of fetal aneuploidy was described by the L-score (x-axis) and t-score (y-axis). The high-risk zone is defined by L-score >1 and t-score >2.5.
markers; a family history of aneuploidy; or a previous pregnancy with a trisomic fetus. Pretest counseling, including detailed information on the value and limitations of NIPT, was provided for each pregnant woman by an obstetrician. Approval for the study was provided by the ethical committee of Seoul Clinical Laboratories (SCL-IRB-201202).
Five milliliters of peripheral blood were collected into EDTA tubes from each participant, and samples were prepared for cellfree DNA sequencing, as described previously [23] . To extract the plasma, the blood samples were centrifuged twice (at 1,600 g and at 16,000 g) within 8 h of blood collection. Plasma samples were then frozen and sent via courier to the Ministry of Healthaccredited and ISO/IEC17025-certified clinical laboratories of BGI-Health (Shenzhen, China). For each case, the following information was provided by filling out an application form: the date of collection, maternal age, duration of pregnancy, mode of conception, single or multiple pregnancy, indication for NIPT, results of the biochemical serum-screening test, and familial genetic diseases. Upon institutional review board approval, a retrospective chart review was conducted to collect clinical data on those patients who had undergone NIPT. The risk of fetal aneuploidy was determined by the L-score and t-score and classified as high or low. Risk scores represented as a calculated probability for trisomies 21, 18, and 13 are provided in the results of the report (Fig. 1) . Analyses for sex chromosome abnormalities (SCAs) were performed in this test. If there were suspicions of SCAs, such additional findings were included as 'additional findings' in the results.
Each participant received post-genetic counseling after NIPT by obstetricians. Patients with high-risk results were advised to undergo invasive testing for a prenatal diagnosis. Fetal karyotyping analyses were performed at our institution by conventional G-banded cytogenetic studies. Complete followup was considered once the invasive testing was performed or neonatal data were obtained.
Results
From May 2, 2012 to December 31, 2013, 910 singleton pregnancies were drawn for prenatal testing with NIPT. On average, NIPT patients were 35.3 years of age at the time of testing (range, 22-46 years). About 61.8% were 35 years or older. In terms of the parity of 910 patients, the frequency of nullipara and multipara was similar, with a rate of 48.8% and 51.2%, respectively. The mean gestational age at the time of blood sampling was 16.6 weeks (range, 11-25 weeks). About two thirds (n=625, 68.7%) of the patients were tested at 17 to 20 weeks of gestation. The vast majority (94.3%) of samples were collected during the second trimester (Table 1) .
Risk scores from the NIPT of the first blood samples were provided in 897 (98.6%) of the 910 pregnancies. Repeated blood sampling was required in 21 cases (2.3%) due to problems with blood collection and delivery to the laboratory (n=9; 1 case of a hemolyzed sample and 8 cases of sample thawing due to transport delay) or assay failure (n=12; 3 cases of cell-free DNA extraction failure and 9 cases of analysis failure due to low fetal fraction). In 16 of the 21 cases with no results in the first sampling, further blood samples were obtained and NIPT results with a risk score were provided in 14 cases. Ultimately, 2 samples (0.2%) failed to provide informative results and were classified as test failures, which were performed by invasive diagnostic test and could be confirmed a normal karyotype. In the remaining 5 cases with no results in the first sampling, repeated blood sampling was cancelled by the patients after counseling with their obstetricians. Three cases were confirmed to have a normal karyotype by invasive diagnostic procedures. The other two cases were lost to follow-up.
The mean time from blood collection to test results was 12.7 calendar days (range, 11-18 days). The main clinical indication for testing was abnormal biochemical serum-screening results in 54.3% (494/910) of pregnancies, followed by advanced maternal age in 31.4% (286/910) (Fig. 2) . In particular, among 494 cases with abnormal biochemical serum-screening results, NIPT high-risk results were detected in only 9 cases (1.8%).
The description of NIPT high-risk cases is shown in Table 2 . In 16 cases, there was a high risk for aneuploidy: in 8 for trisomy 21 (T21), in 2 for trisomy 18 (T18), in 1 for trisomy 13 (T13), and in 5 in sex chromosomes (2 cases of XXY, 1 of XYY, 1 of XXX, and 1 of monosomy X). All 16 high-risk cases were not confirmed by conventional karyotyping, but 7 out of the 16 cases (43.8%) were confirmed by invasive procedures. Seven patients with high-risk results declined the subsequent fetal karyotyping. Most patients with a high risk of sex chromosome aneuploidy declined the invasive test. Eight cases with NIPT-high risk results of T21 were validated in 4 cases through prenatal karyotyping with no false results. No karyotype analysis was conducted on 4 patients with high-risk results for T21: one (case 4) with intrauterine fetal demise after blood sampling for NIPT and three refusing invasive procedures for karyotype analysis. Both high-risk cases of T18 were correctly identified through prenatal karyotyping via amniocentesis. One high-risk case of T13 had a spontaneous miscarriage without karyotype confirmation. Outcome data and detailed information for each newborn were available for 894 cases with low risk results in the study. Among them, no women gave birth to a newborn with T21, T18, or T13. Among the 894 follow-ups and 7 cases with karyotyping results, the estimated sensitivity and specificity were 100%.
Discussion
This is the first report of Korean clinical experiences using NIPT for the detection of fetal chromosomal aneuploidies. No significant technical or logistic problem was encountered with the introduction of NIPT. However, since this was a new test, clinicians had many questions on its scientific basis, technical details, and clinical performance. Given the very high clinical sensitivity and specificity of NIPT, probably the most important and most common misunderstanding was that they would not need a diagnostic test if NIPT were positive. We have conducted a series of educational presentations for clinicians since the test was introduced.
Failure to obtain results at the time of the first blood sampling, which occurred in 2.3% of our cases, was due to problems with blood collection and delivery to the laboratory in one half of the cases and due to assay failure in the other half. Currently, NIPT is performed in a few global laboratory companies, and problems arising from the overseas delivery of samples may be inescapable. In particular, sample delivery problems occurred within three months after the introduction of NIPT. A repeated sample is very likely to provide results in most cases (14/16, 87.5%). Only two cases with no results in the first sampling had no results the second time around due to assay failure caused by low fetal DNA concentration.
The detection rate for trisomies 21, 18, and 13 was 100%, which is in line with other international studies [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . No false positive or negative cases were detected in our study. Therefore, we conclude that NIPT is a powerful testing tool in prenatal care. We found 16 cases with high-risk results. All of them, including SCAs, were classified as high-risk for aneuploidy. In addition, we did not detect cases with high-risk results in the low-risk group for aneuploidy. The ACOG and SMFM [16] recommended NIPT as a screening option for women with an increased risk of fetal aneuploidy. This population was defined as women 35 years or older, fetuses with ultrasonographic findings indicative of an increased risk of aneuploidy, women with a history of trisomyaffected offspring, parents carrying a balanced robertsonian translocation with an increased risk of trisomy 13 or trisomy 21, and women with positive first-trimester or second-trimester screening-test results. According to the latest opinion from ACOG [24] , given the performance of conventional screening methods and the limitations of NIPT, conventional screening methods remain the most appropriate choice for first-line screening for most women in the general obstetric population.
The whole-genome approach enabled the detection of other chromosomal abnormalities. Most of these additional abnormalities were SCAs. The incidence of SCAs in our study was 5 (0.5%) out of 910, which was higher than the previous findings that SCAs occur in approximately 0.3% of all live births [25] . A precise estimation of the detection rate of SCAs was not possible because most patients (4/5) with a high risk of SCAs declined the invasive test. As shown in the present study, the very low incidence of prenatal karyotyping for high-risk results of SCAs acquired by NIPT agreed very well with a previous study showing that 98.5% of pregnant women wanted to be informed if NIPT suspected an SCA, although only one third would consider amniocentesis [26] . The reason women stated for wanting to be informed was so that they could make informed choices and make preparations. According to the report by Jeon et al. [27] , the low incidence of prenatal karyotyping was mostly due to the very high proportion of couples who were willing to continue the pregnancy after counseling, regardless of the fetal chromosomal status. Their willingness to continue pregnancy has been found to be significantly affected by the post-genetic counseling process and the genetic experience of the healthcare provider.
NIPT was requested for two main clinical indications: abnormal biochemical serum-screening results (54.3%) and advanced maternal age (31.4%). A total of 378 cases (378/910, 41.5%) did not participate in screening tests before NIPT. In particular, 4 cases (0.4%) were anxious, even though prior screening identified them as low-risk, and wanted to get tested nonetheless (Fig. 2) . Many of them indicated that they would rather have an invasive test if NIPT was not available. Conventional screening tests were unable to alleviate participants' anxiety. In the present study, high-risk results of NIPT were detected in only 9 (1.8%) out of 494 cases with abnormal biochemical serum-screening results. In general, patients identified as positive in the serum biochemical screening are subjected to extensive counseling and, as a result, often undergo invasive procedures. As most cases of positive results of biochemical screenings are false positives, such subsequent invasive testing creates undue anxiety for patients, increases medical costs, and places fetuses at risk for invasive procedure-related miscarriages. Sixteen cases (1.8%) had high-risk NIPT results for aneuploidy in this study, indicating that approximately 98% of invasive diagnostic procedures can be avoided. Given a miscarriage rate of 0.5-2% of invasive procedures [28] , NIPT saved the life of 3-10 healthy fetuses in this study. Another major advantage of NIPT is reporting the results as high-or low-risk, which makes it easier for parents to decide in favor of or against invasive testing [29] . However, NIPT did not diagnose aneuploidies other than trisomies 21, 18, and 13. Consequently, some women still desired a diagnostic test in order to exclude not only the three common trisomies, but also other fetal aneuploidies. In particular, invasive testing should be recommended in cases with high fetal nuchal translucency, even if NIPT identifies them as low-risk, because in such cases these trisomies account for only 75-80% of the associated clinically significant aneuploidies [30, 31] .
The limitations of this study were the insufficient followup regarding the NIPT results and the small sample size, which could introduce bias into the performance evaluation. In high-risk cases, only 7 out of 16 women (43.8%) provided the results of a confirmatory diagnosis, mainly because the rest declined to provide clinical outcomes. This raised the importance of genetic counseling in the clinical application of NIPT and especially in avoiding potential misuse of NIPT as a diagnostic test. Before this test is widely adopted, both the clinicians and pregnant women should be fully aware that a high-risk result obtained by NIPT cannot be considered diagnostic and must be confirmed by karyotyping.
Undoubtedly, the main impact of the introduction of NIPT into clinical care has been a reduction in prenatal invasive diagnostic procedures and risk-free reassurances for women with lower false positive rates and higher positive predictive values than in current standard screening programs [32] . Recent studies [10, 15] have suggested that NIPT is a reliable method to use as a prenatal screening test for fetal aneuploidies. This study showed that MPS-based NIPT has high accuracy in detecting fetal chromosomal aneuploidies, and the introduction of NIPT as a prenatal screening test into clinical settings could prevent about 98% of unnecessary invasive diagnostic procedures. The challenge now is to develop a new algorithm for prenatal care and to integrate NIPT into national clinical guidelines to allow general access for all pregnant women who could benefit from NIPT. We hope that this study on NIPT will provide useful data for all healthcare personnel and further contribute to the fetal chromosomal abnormalities screening policy in Korea.
